We have modified our previous method for immunogold staining of unosmicated, plastic-embedded tissue by addition of tannic acid as a post-fmtive to increase membrane contrast. Overall cell ultrastructure and organelle membranes, in particular, appeared well preserved after this treatment. We evaluated quantitatively the effect of tannic acid on the antigenicity of several membrane proteins in rat liver and intestine. For all antigens tested, signifcant antigenicity was retained on both intraellulat and plasma membranes. However, the level of antigenicity decreased with increased concentrations of tannic acid. This effect was most apparent on
Introduction
Immunocytochemical localization of antigens at the ultrastructural level is a powerful technique to demonstrate relationships between cell structure and function. However, the central problem in immunocytochemistry is to retain antigenicity without sacrificing cell morphology. A major aspect of this problem is to preserve membrane ultrastructure adequately in the absence of osmium tetroxide fixation, a treatment known to destroy many antigens (4,5,7,32) . We previously reported a method of tissue preparation for postembedding immunogold staining of unosmicated tissue which yields high levels of specific staining and morphological detail (6) . This method was devised specifically to preserve membranes and antigens through a combination of treatments that included: (a) post-fixation with uranyl acetate; (b) low-temperature embedding in LR Gold resin; and (c) the use of osmium tetroxide only after immunolabeling as a stain on thin sections. Although in most cases this method enhanced membrane contrast, a key criterion we used to judge ultrastructural preservation, overall specimen contrast, was reduced to a variable extent during immunolabeling. Specifically, low contrast often resulted after prolonged incubation of thin sec-the apical and basolateral membranes of hepatocytes and on the apical membrane of enterqtes, surfaces that had been in direct " a c t with the tannic acid fmtive. The results indicate that when low concentrations of tannic acid are employed, this method yields greatly enhanced membrane contrast while preserving sufficient antigenicity to facilitate the ultrastructural localization of many membrane and other an- tions with immunoreagents or after even short treatments with reagents that contained detergents that were often essential to minimize background immunostaining. We have found that this problem can be largely overcome by including tannic acid as a postfixative to provide additional membrane contrast through its action as a mordant for heavy metals (37) . We report in this study the effects of tannic acid on the antigenicity and general morphology of epithelial cells of rat liver and intestine. In our ongoing studies we have been interested in various aspects of trafficking of membrane components within these cells (1,2,23,27-29,31). We have evaluated the effects of tannic acid on several membrane antigens of interest to us including (a) the asialoglycoprotein receptor (ASGP-R), (b) dipeptidyl peptidase IV (DPP-IV), and (c) the intestinal Fc receptor for IgG. In quantitative studies, we observed that tannic acid has different effects on antigenicity depending on the specific antigen and its location within the cell. Nevertheless, tannic acid treatment greatly enhanced our ability to determine the ultrastructural distribution of each of these antigens and, in general, should aid the visualization of other antigens in cases where maximal membrane contrast is essential.
Materials and Methods

~ ~ ~ ~~~~~
Supported by NIH grants AI11937 (RDR) and GM29185 and water, were fasted overnight to reduce glycogen deposits within hepatocytes. Newborn rats, 10 days old (20 g), were obtained from litters of outbred Long-Evans Hooded female rats purchased from Charles River Laboratories. Pups were fasted for 5 hr to reduce intracellular lipid in intestinal absorptive cells. Immunoreagents. Rabbit antisera to the ASGP-R, DPP-IV, and aminopeptidase-N were prepared and purified as previously described (423.31). Rabbit antiserum to neonatal rat brush border membranes (BB antiserum) and mouse monoclonal antibody (MAb) MC39 against the IgG-Fc receptor were also prepared as previously described (6, 26) . Normal rabbit serum was obtained from non-immunized albino rabbits housed at the University of Virginia. Other immunoreagents were purchased from the following suppliers: rabbit antiserum against rat transferrin and rabbit IgG against rat serum albumin (Cappel-Organon Teknika; Durham, NC), rabbit IgG against human Pz-microglobulin (Boehringer Mannheim; Indianapolis, IN), Biocell goat anti-rabbit IgG-10-nm gold (Energy Beam Sciences; Agawam, MA), Biocell goat anti-rabbit IgG-5-nm gold (Ted Pella; Redding, CA), goat anti-mouse IgG-10-nm gold Uanssen Pharmaceutica; Piscataway, NJ), control myeloma IgGl (MOPC21) (Litton Bionetics; Kensington, MD), normal goat serum (Gibco Laboratories; Grand Island, NY).
Chemicals
Methods
Immunocytochemistry.
Liver Anesthetized rats were perfused for 5-10 sec through the hepatic portal vein with a warmed (37°C) and oxygenated modified Hanks salt solution (3% PVP-40, 70 mM sodium nitrite, 72.2 mM sodium chloride, 3.3 mM potassium chloride, 1.9 mM sodium bicarbonate, 1.2 mM glucose, 0.8 mM sodium phosphate, 0.5 mM potassium phosphate). The liver was then fixed by perfusion for 5 min in situ with a modified Roth fixative (33): 3% formaldehyde, 0.05% glutaraldehyde in Hank's salt solution. Tissue was removed, and tissue slices were fixed for an additional 1 hr at room temperature. The slices were washed overnight at 4'C with 3.5% sucrose in 0.1 M phosphate buffer, pH 7.4. The tissue was cut into small cubes (0.5-1.5 mm3) and treated for 1 hr at 0°C with (a) 0.25% or 1% tannic acid in sucrose-phosphate buffer, or (b) buffer alone. After rinsing with buffer (three times for 10 min), free aldehydes were quenched for 1 hr with 50 mM ammonium chloride in buffer. Phosphate ions were removed by rinsing the tissue with cold 0.1 M maleate buffer, pH 6.5, containing 4% sucrose (three times for 10 min). The tissue was then stained en bloc with 2% uranyl acetate in sucrose-maleate buffer, final pH 6.0, for 2 hr at O' C. In some acperiments uranyl acetate treatment was omitted or was performed before post-fixation with tannic acid. After dehydration in ethanol, the tissue was embedded in LR Gold resin at -2O' C according to the protocol of the manufacturer, except for the addition of an extra change of pure resin.
Silver-gold sections were mounted on formvat-coated 200-mesh nickel grids. All immunolabeling steps were performed by floating grids on drops of each solution at room temperature. Sections were first blocked for 10 min with 1% BSA in TBST 500 mM sodium chloride, 10 mM %is. 0.05% Tween 20, pH 7.2. Grids were then stained 6 or 16 hr with antibodies to ASGP-R (20 pglml), DPP-IV (12 pglml), aminopeptidase-N (20 pglml), albumin (10 .ug/ml), or transferrin (1:500 antiserum dilution) in 1% BSAITBST. Sections were then rinsed with 1% BSAITEST (10 min) and TBS (150 mM sodium chloride, 50 mM Tris pH 7.4) (rapid transfer over 5 drops) before being stained for 1 hr with 10-nm colloidal gold-labeled anti-rabbit IgG (k40 dilution) in TBS. Grids were rinsed with TBS (10 min) and distilled water ( 5 drops), were treated with 2% aqueous glutaralde-hyde (5 min) to stabilize antibodies, and then were rinsed again with water (5 drops). Next, sections were stained for 15 min with 2% aqueous osmium tetroxide, rinsed with water, and counterstained for 3 min with Reynold's lead citrate (25). In some experiments, thin sections were stained for 5 min with 2% aqueous uranyl acetate, followed by treatment with lead citrate. Sections were finally rinsed with water and blotted dry. Specimens were examined at 80 kV on a Jeol JEM lOOCX electron microscope.
IIptertirre. Proximal jejunal tissue from 10-day-old rats was fixed for 3 hr at room temperature in 1% glutaraldehyde, 40/0 formaldehyde, 0.2% picric acid, 0.5 mM calcium chloride, and 2 mM magnesium chloride in 0.1 M phosphate or cacodylate buffer, pH 7.4 (6) . In some experiments 1% tannic acid was added to the primary fixative in place of picric acid. Tissue was rinsed overnight at 0°C in buffer containing 3.5% sucrose. Tissue was then treated for 2 hr at 0°C in (a) 1% tannic acid in sucrose buffer, (b) 0.1% tannic acid, or (c) buffer alone. After rinsing with cold sucrose buffer (twice for 15 min), the tissue was treated with ammonium chloride and rinsed with sucrose-maleate buffer as for liver tissue. The tissue was then post-fmed with 2% uranyl acetate in sucrose-maleate buffer, dehydrated in acetone, and embedded in LR Gold resin as for liver and as previously described (6) . In some experiments, tissue was also embedded in LR White resin according to the recommendations of the manufacturer.
All immunogold staining steps were performed by submersion of grids in drops of stain at room temperature, except for incubation with primary antibody at 4'C. Sections on uncoated 400-mesh nickel grids were blocked for 10 min with 5% normal goat serum (NGS) in TBS. Grids were incubated overnight in one of the following primary reagents: MAb MC39 (4 pg/ml), MOPCZl(4 pglml, control for MC39). BB antiserum (1:200 dilution), anti-!3z-microglobulin (1:500 dilution;, or normal rabbit serum (1:200 dilution) in 1% NGSlTBS. After this incubation, grids were washed in 1% NGSlTBS (five times for 3 min). To minimize the otherwise high background gold labeling on sections stained with either the BB antiserum or control rabbit s e w , 0.05% Tween 20 was included during incubation with these reagents and the subsequent wash step. Sections were then stained for 1 hr with an appropriate gold-labeled secondary antibody: anti-mouse IgG-10-nm gold (1:50 dilution), anti-rabbit IgG-lo-nm gold (1:lOO dilution), or antirabbit IgG-5-nm gold (1:50 dilution) in TBS. NGS (1%) was added to the gold reagent to decrease background staining in some experiments. Grids were rinsed with TBS (or 1% NGS/TBS (five times for 3 min), followed by distilled water. Next, grids were incubated in glutaraldehyde and then stained with osmium and lead as described for liver. Finally, the grids were dried and coated with formvar. Sections were examined at 60 kV in a Philips 200 electron microscope.
Quantitation
Liver. We compared the effects of (a) post-fixation with tannic acid (0.25%) and uranyl acetate and (b) post-fixation with uranyl acetate alone on the density of immunogold labeling of ASGP-R and DPP-IV in liver tissue. One gold-labeled grid from each of three animals was evaluated for each fivation condition.
To estimate the densities of ASGP-R staining, gold particles were counted manually on micrographs at a standard final magnification of x 58,000. Particle counts per pm2 of section area were determined for four subcellular compartments: (a) the basolateral surface, (b) the peripheral cytoplasm extending 1-2 pm beneath the basolateral surface, but excluding the plasma membrane, (c) the Golgi region (Golgi cisternae and the Zrans-Golgi network), and (d) nuclei (background). Area measurements were made using the grid overlay/intercept method of Weibel(46). In some cases, area measurements were also determined from negatives using an MCID M1 Image Analyzer (Imaging Research St Catharines, Ontario, Canada). Measurements determined with this system were comparable to results obtained using the grid overlay/intercept method.
To determine the effect of tannic acid (0.25%) on gold labeling ofDPP-IV, micrographs were taken at a standard magnification of x 23,000. Particle counts and length measurements were determined from negatives using the MCID M1 Image Analyzer. Membrane-associated partide counts were determined for (a) the apical plasma membrane of hepatocytes, and (b) the plasma membrane of endothelial cells within the sinusoids. Labeling densities were calculated by dividing the number of particles within 10 nm of membrane profiies by the total profiie length (pm). To estimate background gold labeling for length measurements, a grid of parallel lines (0.5inch spacing) was placed over each micrograph, and the numbers of gold particles overlying the nudear matrix and within 10 nm of the grid lines were summed and divided by the total length of the grid lines.
Intestine. We compared the effect of different concentrations of tannic acid (O%, &I%, l%)on the densities of immunogold labeling of intestinal antigens in neonatal absorptive cells. One gold-labeled grid from each of three animals was evaluated for each fmtion condition.
Gold particles were counted manually on micrographs ( x 24,000 or x 5 7,000 find magnificaoion). Partide counts per pm2 of section area were dete&xd for four di&rrnt subccllulu complmnents: (a) the brush border surface, (b) the peripheral apical cytoplasm, (c) mitochondria (background), and (d) nuclei (background). The brush border surface was defined as the area occupied by the microvilli in micrographs in which the microvilli were oriented longitudinally. The periphenl apical cytoplasm was defined as the area extending 2 pm beneath the microvilli, but excluding the plasma membrane and mitochondria. Area measurements were determined using a microcomputer-based digitizer and SigmaScan software Uandel Scientific; Sausalito, CA).
Statisad Methods. The densities of gold labeling in each subcellular compartment of both liver and intestinal cells were determined for each of three individual animals under each fmtion condition. The mean labeling density ( i SEM) for each compartment was then calculated as the average for the three animals. Matched t-tests were used to estimate differences in mean labeling densities for various paired treatments (47). The percent decrease in labeling density was calculated separately for each animal and fixation condition. The percentages for the three animals were then averaged and divided by the SEM to yield the t-due.
Results
Morphology
Tannic acid consistently enhanced membrane contrast when used either as a component of the primary fixative or as a post-fixative before uranyl acetate treatment. Figures 1 and 2 demonstrate the overall cell morphology we obtained when liver and intestinal tissue, respectively, were treated sequentially with tannic acid and uranyl acetate in the absence of immunolabeling. LR Gold sections of tissue fixed with high concentrations of tannic acid were sometimes difficult to cut. In general, however, sections supported on plastic films were stable in the electron microscope and often yielded large specimen fields that could be routinely examined at low magnifications ( Figure 1 ). At higher magnifications we could easily identify all major organelles and membrane structures. Figure 3 shows the effects of various fixation treatments on the ultrastructure of the Golgi apparatus. In the absence of any postfixation with either uranyl acetate or tannic acid, membranes within the cytoplasm often appeared in negative contrast. Cisternal membranes of the Golgi and endoplasmic reticulum were poorly defined ( Figure 3a ). Membrane contrast was reversed, and the morphology of the Golgi complex was improved when tissue was post-fixed with uranyl acetate (Figure 3b ). Overall cell ultrastruc-ture and membrane contrast were enhanced even further after postfixation with both tannic acid and uranyl acetate ( Figure 3c ). A particular advantage of tannic acid treatment compared with other treatments was that the membranes of the endoplasmic reticulum and Golgi complex were easily identified, an improvement most apparent in hepatocytes. Golgi membranes in intestinal cells often appeared well preserved in tissue post-fixed with uranyl acetate alone. Nevertheless, tannic acid greatly enhanced Golgi membrane contrast in this tissue as well.
Initially, we used 1% tannic acid in the primary fixative. However, we encountered several problems with this concentration. First, tissue specimens tumed very dark during en bloc staining with uranyl acetate and were difficult to polymerize in LR Gold resin, presumably because of interference with photopolymerization. Second, when we were able to obtain thin sections, the tissue often showed signs of severe shrinkage. Furthermore, tannic acid penetrated tissue and cells unevenly, although this problem is common to other methods that employ tannic acid (12, 30, 37) . To overcome these problems, we used tannic acid as a post-fmtive and decreased its concentration in subsequent experiments. The final concentrations (0.1% for intestine, 0.25% for liver) were chosen for giving acceptable levels of contrast and antigenicity under the different conditions of primary fiition necessary for preserving the antigens of interest in each of the two tissues we studied. These changes eliminated all apparent cell shrinkage and greatly improved the sectioning characteristics of blocks, while still providing enhanced membrane contrast. We tried to improve embedding and sectioning further by either eliminating uranyl acetate post-fixation or reversing the order of tannic acid and uranyl acetate treatments. Although these treatments minimized tissue darkening and improved embedding, they resulted in poor membrane contrast and therefore were not used subsequently.
Quditatiue Immwzocytocbemistry
Liver. We evaluated the effects of tannic acid on the antigenicity of the following liwr proteins: (a) ASGP-R, (b) DPP-IV, (E) aminopeptidase-N, (d) transferrin, and (e) albumin. We found in initial studies that post-fixation with 1% tannic acid yielded unacceptably low levels of specific staining. When we reduced the concentration of tannic acid to 0.25%. substantial antigenicity was retained although immunostaining was still decreased compared with post-fixation with uranyl acetate alone. Evamples of this effect for two integral membrane proteins, ASGP-R and DPP-IV, are shown in Figure 4 . The loss of staining due to tannic acid also varied depending on the particular antigen and its location. In the case of plasma membrane antigens, there was always a dramatic loss from the cell surface. The loss was less pronounced for these same membrane antigens, as well as for secretory proteins, within intracellular compartments. Figure 5 demonstrates high levels of specific staining of transferrin and albumin in the Golgi region of hepatocytes post-fixed sequentially with tannic acid and uranyl acetate.
Small Intestine. To test the effects of tannic acid on antigenicity in this tissue, we evaluated our ability to detect the IgG-Fc receptor with (a) an MAb (MC39) against the integral membrane subunit of the receptor, and (b) a polyclonal antibody against Ss-microglobulin, the non-covalently associated peripheral subunit of the receptor (26, 39) . We also examined the overall effect of tannic acid on membrane antigens with a polyclonal antiserum that recognizes a large number of brush border membrane proteins on blots of SDS gels (unpublished data). We obtained high levels of specific labeling using each of these immunoreagents on tissue that had been post-fixed with tannic acid. As with liver, we found that a higher level of membrane contrast was retained when tannic acid was used than when omitted. Even when we used Tween 20 with the primary immunoreagents to minimize background gold labeling, we still obtained high levels of membrane contrast. However, we found that tannic acid treatment decreased gold labeling of each of the antigens on the apical cell surface. In contrast, tannic acid had less effect on the intracellular and basolateral labeling of the antigens. Although these general results were similar for all antibodies tested, the loss due to tannic acid was variable and depended upon the particular antigen. Examples of the results using MC39 are shown in Figure 6 .
Quantitative Immunocytochemistry
Liver. The preferential loss of labeling at the apical and basolateral surfaces of hepatocytes led us to evaluate quantitatively the effect of tannic acid treatment on the antigenicity of various molecules. We first compared the effect of (a) post-fixation with uranyl acetate alone with (b) post-fixation with 0.25% tannic acid and uranyl acetate on the density of immunogold labeling of the ASGP-R within different subcellular compartments of hepatocytes. As summarized in Table 1 , we found that treatment with tannic acid resulted in a 79% loss of specific ASGP-R staining on the basolateral surface. The effect of tannic acid on ASGP-R labeling was not as severe in the peripheral cytoplasm (SO% loss) or the Golgi region (47% loss). Background staining over nuclei was low and was not affected by tannic acid treatment.
We on the antigenicity of DPP-IV, which is localized on the apical plasma membrane of hepatocytes and the surface of endothelial cells within the sinusoids (1) . Post-fixation with tannic acid resulted in a 66% loss of staining on the apical membrane of hepatocytes and a 62% loss of staining on the surface of endothelial cells ( Table 2 ). We have estimated the relative abundance of this antigen to be 3:1 in hepatocytes relative to endothelial cells (unpublished data). The quantitative immunocytochemical analysis yielded a similar distribution ratio whether or not tannic acid was used, suggesting that any effects of tannic acid on DPP-IV were similar in both cell types (see Table 2 ). When we compared the effect on DPP-IV immunolabeling after post-fixation with uranyl acetate alone with no postfixation, we found no statistical difference between the densities of surface staining on hepatocytes or endothelial cells (data not shown). Small Intestine. Tables 3 and 4 summarize the quantitative analyses of the effects of various concentrations of tannic acid on antigens in intestinal absorptive cells. When either MC39 ('liable 3) or BB antiserum ( Table 4 ) was used, there was a significant and dramatic decrease in the amount of antigen detected at the brush border surface. After subtraction of background labeling, as determined using control reagents, we estimate that even at 0.1% tannic acid, 73% and 44% of the specific staining with MC39 and BB antiserum, respectively, were lost. The loss after 1% tannic acid was worse (85% and 59%, respectively). In contrast, the affect of tannic acid on the density of gold staining in the apical cytoplasm was much less pronounced. In the case of MC39, there was a slight loss of staining as tannic acid concentration was increased, although this was not statistically significant. With BB antiserum, 0.1% tannic acid had no significant effect on antigenicity. However, at 1% tannic acid approximately 28% of specific staining was lost. Tannic acid treatment had little or no effect on the level of nonspecific background labeling, as judged by the uniformly low gold densities over all compartments when control primary reagents were used, and over mitochondria and nuclei after treatment with any of the primary reagents.
Technical Considerations
During the course of this work we found several additional factors that can have significant effects on gold labeling densities. First, we noticed that there was a gradient in morphological preservation and gold labeling within tissue blocks of liver that were treated with tannic acid. Membrane contrast and overall cell morphology were optimal near the periphery of the tissue block and gradually decreased towards the center. In contrast, antigenicity was highest near the center of the block and gradually decreased towards the periphery. These observations are consistent with a relatively slow rate for tannic acid penetration into tissue blocks. This gradient was used to our advantage to obtain thin sections from a region of the specimen block that gave high levels of specific immunostaining in conjunction with good membrane contrast and ultrastructural preservation. On the other hand, this gradient required sampling from the same regions in blocks when different specimens were compared.
Although penetration of tannic acid into individual intestinal epithelial cells was somewhat variable, there was no gradient within blocks of this tissue. Presumably, tannic acid had uniform access to most epithelial cells lining the intestinal villi during post-fixation.
A second important factor that influenced labeling density was the incubation time in primary antibody. In the case of DPP-IV, when incubation time was increased from 6 to 16 hr, there was a 39-39% increase in staining regardless of the specific post-fixation cmditions. Background labeling over mitochondria and nuclei was not affected.
Third, we found that antigenicity was reduced substantially during storage of thin sections. We found that when sections of intestinal tissue were stored for 1 year at room temperature before immunolabeling, MC39 staining was lost completely. This occurred even when tissue had been post-fixed with uranyl acetate alone. In the same sections, the density of staining with polyclonal antibodies against 82-microglobulin was reduced by 54% on the apical surface and by 64% in the apical cytoplasm compared with sections that were stored for only 1 week before immunolabeling. In contrast to this loss of antigenicity on stored sections, tissue blocks stored for over 3 years at room temperature retained apparently undiminished levels of antigenicity when freshly cut sections were immunolabeled.
Finally, we found that the size of the gold conjugate had a dramatic effect on labeling density. Gold conjugates of 5 nm yielded significantly higher labeling densities for both MC39 and anti-82microglobulin staining in intestinal tissue when compared with results with 10-nm conjugates. Others have reported similar results (18,48). Table 3 
. Effect of post-fimtion with various concentrations of tannic acid on the density of MC39 staining in dflerent subcellular regions of intestinal epithelia/ cells (gold particles per fin2 2 SEM)"
Discussion
The main purpose of this study was to improve a technique we developed to enhance membrane contrast for post-embedding immunogold labeling (6) . This technique uses post-fixation with uranyl acetate and embedding in LR Gold resin to minimize extraction of membrane components. Although we have employed this technique to localize several membrane antigens with high resolution and sensitivity, we sometimes encountered a substantial loss of overall specimen contrast, especially of membrane contrast, during immunolabeling of sections. This problem was particularly evident in liver tissue, which we have used to study the dynamics of membrane biogenesis and trafficking in polarized epithelial cells (1, 2, 23, 31) . We judged that increased membrane contrast was essential in order to use our immunogold labeling technique to localize the membrane antigens of interest to us in this tissue. We chose to modify our initial technique by including tannic acid as a fixative because this compound has been used previously with great success to increase membrane contrast in conventionally fixed tissue (11, 13, 16, 30, (36) (37) (38) . Tannic acid binds to and fixes a wide spectrum of tissue macromolecules including saturated phospholipids (16, 17) , proteins (8, 9, 13, 14, (20) (21) (22) 24, 44) , and complex carbohydrates (34). It is of particular interest that, unlike glutaraldehyde and osmium, tannic acid has been reported to react with phosphatidyl choline (16, 17) , which comprises a large proportion of the total phospholipid in most mammalian membranes (43). Not surprisingly, tannic acid enhances the visualization of membranes, membrane specializations such as junctional complexes (36,44), and cytoskeletal filaments (3, 12, 19, 35, 41) . In addition, tannic acid increases the contrast of a variety of extracellular structures and connective tissue components (22,30,37,40).
The mechanism by which tannic acid increases contrast presumably results from its action as a multivalent mordant for heavy metals including osmium, uranium, and lead (13,15-17,22,37,38,40,44,45) . In addition, tannic acid helps stabilize cell structures during tissue processing (15) (16) (17) 35, 37, 38) . Most previous fixation methods utilizing tannic acid have also employed osmium tetroxide fixation. However, our results indicate that osmium fixation, omitted to preserve antigenicity, is not a prerequisite for obtaining high levels of membrane contrast. Even in the absence of osmium, we believe that tannic acid avidly binds sufficient uranyl acetate as well as additional heavy metals used as stains on thin sections to enhance specimen contrast.
We observed a striking increase in the contrast of membranes and other structures when tannic acid was used, regardless of its concentration or whether it was added to the primary fixative or used as a post-fixative. More importantly, contrast was retained to a very high degree even after prolonged immunolabeling or when detergents were necessary to lower background gold staining.
An equally important result was that after treatment with low concentrations of tannic acid, acceptable although reduced levels of antigenicity were retained for the membrane antigens of interest to us without an increase in background immunostaining. We chose final concentrations of 0.1% for intestine and 0.25% for liver on the subjective basis that these concentrations also yielded acceptable membrane contrast in the two very different types of tissue. Tannic acid under the conditions we used resulted in up to a 79% Table 4 loss of antigenicity, depending on the antigen and its location. However, even in the worst case, specific staining was still readily detected. Our opinion is that the loss of immunostaining was more than offset by the increase in image contrast with tannic acid and the ease of identification of the membrane structures that exhibited immunogold staining. It is worth noting that loss of antigenicity is not an effect peculiar to tannic acid treatment. Other fixative components, dehydration solvents, and embedding resins can all potentially influence the amount or accessibility of detectable antigens. The choices of specific reagents and their conditions of use often represent judicious compromises between retention of antigenicity and other important benefits, most notably the preservation of cell ultrastructures as in the case of our studies. A major problem we encountered was that immunostaining was decreased preferentially at those cell surfaces that faced open tissue cavities and were presumably in direct contact with tannic acid fixative. Specifically, these surfaces included the apical and basolateral membranes of hepatocytes and the apical membrane of enterocytes. The loss of immunostaining at these sites greatly exceeded the loss within intracellular compartments. We suspect that antigens at these surfaces may interact with components of the tannic acid fixative that do not readily penetrate into the cell. Most commercially available tannic acid, including the sample we used, is composed of tannins which are broadly heterogeneous in size (14-16,37,38). Simionescu and Simionescu (37,38) demonstrated that the abundant high molecular weight tannins penetrate cells less efficiently than the low molecular weight tannins. Our interpretation is that the high molecular weight tannins nevertheless can still react readily with macromolecular antigens omthe plasma membrane and can either denature or physically mask them. If this interpretation is correct, the use of partially purified tannic acid of low average molecular weight (for example, Mallinkrodt type 1764) may significantly reduce this surface effect on antigens.
. Efect of post-fixation with various concentrations of tannic acid on the density of bmsh border membrane antigens in dyerent subcellular regions of intestinal epithelial cells (gold particles per pmZ 5 SEM)"
Our results, which show that tannic acid can affect both the absolute and relative levels of detectable antigen within a tissue, dictate that any study with tannic acid should include tissue fixed without tannic acid as a routine control. Advantageous controls might include both tissue without any post-fixation and tissue postfixed in uranyl acetate alone, a treatment that might provide adequate contrast without tannic acid. It is noteworthy that our results on DPP-IV in liver tissue indicate that post-fixation with uranyl acetate alone has no significant effects on this antigen. Previous studies have reported that the antigenicity of other proteins is either unaltered (6,42) or even enhanced (10) by uranyl acetate treatment.
We identified several other important factors, in addition to post-fixation, that can greatly affect gold labeling. These include (a) the region of the tissue block from which sections are obtained, (b) the storage of sections before immunostaining, and (c) the incubation time in primary antibody. A minor problem we encountered was inconsistent photopolymerization of LR Gold resin after tannic acid treatment, which made high-quality ultra-thin sections more difficult to obtain. This problem was minimal, however, at the low concentrations of tannic acid chosen primarily for optimal antigen preservation. We also evaluated LR White resin, which we expected might be less sensitive to the presence of tannic acid because it uses thermal rather than photopolymerization. This resin yielded well-embedded specimens but resulted in unacceptably low membrane contrast. Similarly, our attempts to use benzoyl peroxide as a catalyst for chemical polymerization of LR Gold resin were unsuccessful due to uncontrollably rapid polymerization and excessive heating. We hope that further development of these or similar resins might overcome such problems and further improve sectioning qualities.
To our knowledge, no one else has reported on the effects of tannic acid on cell antigens. Our experience suggests that tannic acid will be particularly useful for studying intracellular and membrane surface antigens that can be retained after treatment with low concentrations of tannic acid. We believe that the potential problems encountered with tannic acid may often be relatively minor compared with its major advantage of enhancing membranes and overall specimen contrast.
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